either dramatically decreased (Y20F, R48Q) or completely lost (E71S). Analysis of the latter high resolution crystal structures has permitted identifying a substrate-binding pocket within the unique amphipathic cavity of LpPDC and also has revealed reorganizations of surface loops which may modulate the access to the internal cavity. Finally, a catalytic mechanism is proposed based on the presented structural, functional and in silico results. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 F o r P e e r R e v i e w 6 diluted with 25 mM phosphate buffer, pH 6.5, containing 4 mM p-coumaric acid, to a final concentration of 0.1 g/ml. The reaction mixture was incubated at 30ºC for 20 min. when ethyl acetate was added for reagents extraction.
Analytical ultracentrifugation
Equilibrium velocity ultracentrifugation experiments were performed at 10,500 rpm, 20ºC, using a Beckman XL-A ultracentrifuge with an An-50Ti rotor and standard double sector centerpiece cells.
Solvent density (1.005 mg/ml) and the partial specific volume of LpPDC (0.744) were calculated from the buffer composition (0.1 M NaCl, 20 mM Tris-HCl) and from the predicted amino acid composition, respectively, with SEDNTERP. 22 Centrifugation data were analyzed with the Beckman-Origin software.
Data collection, structure determination and refinement
Complete diffraction datasets were collected at the European Synchrotron Radiation Facility (ESRF; Grenoble, France) in beamlines ID23-1, ID29 and BM16 for native, Y20F and R48Q LpPDCs, respectively; dataset for E71S mutant was collected in-house on a Microstar rotating anode generator ). Data collection and processing statistics are shown in Table I . Diffraction images were indexed and integrated with MOSFLM 23 and the data were scaled and truncated using SCALA and TRUNCATE from the CCP4 software suite. 24 The structure of wild-type LpPDC was solved by molecular replacement (MR) using the atomic coordinates of the structure deposited under PDC entry 2GC9 25 as search model using the program MOLREP. 26 These last coordinates together with those of phenolic acid decarboxylase from Bacillus subtilis (PDB entry 2P8G 27 ; see below) have been deposited in the PDB by the JCSG. In turn, the structures of single point mutants were solved by MR using the atomic coordinates of wild-type LpPDC.
The models were refined with REFMAC5 28 applying non-crystallographic symmetry constraints. Atomic displacement parameters were refined in REFMAC by the TLS (translation, libration, screw) method.
Automatic water molecule placement was done with ARP/wARP. 29 Manual rebuilding of the model was performed with the program O. 30 Data refinement statistics are shown in Table I . Stereochemical validation of the final models was checked using the program PROCHECK 31 or MOLPROBITY 32 for E71S mutant. Ramachandran plots were of good quality. Figures were prepared using PyMOL.
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The atomic coordinates and structure factors have been deposited at the Protein Data Bank under accession codes 2W2A (new crystal form of wild-type LpPDC), 2W2B (Y20F LpPDC), 2WSJ (E71S LpPDC), and 2W2F (R48Q LpPDC).
Docking studies
All calculations were performed on a Silicon Graphics Octane workstation (R12000, 300MHz) using the SYBYL 7.2 program suite. 34 The docking studies were achieved using the FlexiDock module of the SYBYL 7.2 suite of programs. 34 We have used the crystal structure of R48Q LpPDC for docking studies since it adopts a closed conformational state (see below). For this purpose, this structure was edited (Gln48 was substituted by Arg48), protein hydrogen atoms were added, and partial charges were calculated using AMBER procedure. Positions of the hydrogen atoms were refined with the use of AMBER force field. To build the LpPDC:o-coumaric acid and LpPDC:p-coumaric acid complexes, the ligands were first manually positioned within the cavity close to the Tyr20 side chain taking into account the mutational studies.
Subsequent energy minimization was performed using the AMBER99 force field and charges Gasteiger- 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  P  e  e  r  R  e  v  i  e  w   8 Hückel with geometry optimization of the ligands and the side chains of the enzyme. Energy minimizations were carried out using the conjugate gradient procedure until a gradient deviation of 0.01 kcal ml-1 Å -1 was attained. A distance-dependent dielectric constant was used in all the calculations.
These initial complexes were the input structure for docking studies using FlexiDock program that uses genetic algorithm 35 as quick method to generate conformations. This module analyses all possible ligand conformations within the active site and it takes into account both the receptor side chains and the ligand conformations. During the docking analysis, the protein was considered rigid except the residues involved in the putative binding site and the ligands which were considered flexible. The docking procedure consists of two steps: definition and refinement of a putative binding site, respectively.
To achieve the first goal, four runs of FlexiDock were performed and the solutions were analysed and clustered into families. The representative conformer (with lower score of FlexiDock) from each family was minimized using the above mentioned conditions. For the second step, each complex obtained previously from the first step was subjected to four additional runs of FlexiDock. During this step possible hydrogen bonds were considered, defining donors and acceptor in the enzyme and in the ligand.
The final solutions were analysed and clustered yielding different families. The representative conformer from each family was re-optimized. Analysis of the enzyme:ligand complex models generated after docking was based on the distances from the ligands to Tyr18, Tyr20, Arg48 and Glu71, hydrogen bond 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 . Subunits within the dimer are virtually identical (rmsd, 0.07 Å for 175 Ca atoms).
The global structure of a single subunit of LpPDC is depicted in Fig. 1 . The central folding motif is based on a b-sandwich composed of two twisted and orthogonally stacked four-stranded anti-parallel bsheets plus one additional b-strand composed of 14 amino acid residues (b9; residues 129-142). This last b-strand hydrogen bonds to both sheets, thereby making the sheets to be five-stranded de facto (Fig. 1a) .
The final strand order is 9 C , 1, 2, 3, 4 for sheet 1 and, 5, 6, 7, 8, 9 N for sheet 2 (9 N : residues 129-135; 9 C :
residues 136-142), respectively (Fig. 1b) . The three dimensional arrangement of this highly bent b9 strand is such that it closes one of the ends of the b-sandwich to form a continuously hydrogen-bonded b-barrel.
The opposite side of the barrel is capped by the connecting loops b2-b3 (residues 33-34) and b4-b5
(residues 51-55), respectively. Alternatively, the end of the b-barrel herein defined as the "top end", is closed by the first 12 residue stretch of the polypeptide chain, which contains the single-turn helix a1
(residues 7-11), and also by the short loops b5-b6 (residues 62-63) and b7-b8 (residues 81-85).
Conversely, the "base" of the b-barrel is not closed in wild-type LpPDC but open to the external solvent, with this opening providing the entrance to the internal cavity of the protein. The entrance to this cavity is flanked by the loops b1-b2 (residues 21-22) and b3-b4 (residues [41] [42] [43] [44] [45] [46] and by the short helix a2
(residues 96-100), and the N-terminal end of strand b9, and has rough dimensions of 8 Å by 8 Å.
The electron density of the 2F o -F c map is of excellent quality for all of the side chains of the two subunits of the asymmetric unit, with the exception of the sequence stretch comprising the residues Tyr20 to Trp24. Here, the electron density is poor in both subunits, suggesting that this region is flexible. 
Comparison of the overall LpPDC protein structure
Analysis of multiple sequence alignments reveals that LpPDC exhibits high sequence similarity to several decarboxylases from bacterial sources and also to feruloyl decarboxylase from the protozoan family, which in turn belong to a superfamily of lipid-binding proteins. 41 All members of the FABP 44 The structural similarity found with LpPDC together with its substrate specificity and the side chains that determine the interior of its cavity (see below) strongly supports that the substrate binding site of LpPDC is located within the internal cavity.
Quaternary structure
A dimeric assembly is identified within the asymmetric unit of the LpPDC tetragonal crystal (Fig.   3a ). This dimer is maintained through interactions between residues that mainly belong to the b-sheet 2 of both subunits. The average value of the buried surface area at the interface between the subunits calculated by the PISA server 45 is large (~1170 Å 2 ) and contains both polar and apolar residues. The interactions identified involving hydrogen bonds and salt bridges are listed in Table II . Noteworthy, whereas polar side chains are mainly localized at the centre of the contacting interface, the apolar ones are preferentially found at the borders of this interface forming a species of "hydrophobic zipper" that would be highly conserved within the PAD family as indicated by the above sequence alignments.
In addition, the hydrodynamic behaviour of LpPDC has been analyzed by analytical with the crystallographic analysis demonstrate that LpPDC is a dimeric assembly both in solution and in the crystal state.
The relative orientation of the subunits within the dimer suggests that the accessibility of each cavity to the external solvent is not prima facie directly constrained by the accompanying subunit. In fact, the two openings are situated at opposing sides of the dimeric assembly ( Fig. 3a) with the loops flanking the entrances not participating in intersubunit contacts. 
Internal cavity of LpPDC
The b-barrel fold of the LpPDC subunits results in a large internal cavity which has an estimated solvent accessible volume of ~ 615 Å 3 using a probe radius of 1.4 Å with the CASTp algorithm. 46 The cavity has rough dimensions of 11 Å x 8 Å x 8 Å and a somewhat irregular surface. It has a unique connection to the external solvent flanked by the short loops b1-b2 and b3-b4, together with the singleturn helix a2 and the N-terminal end of strand b9. We define the entrance region as consisting of the above structural elements, and in particular, the region delimited by the amino acid side chains Asn22, Trp24, Met44, Glu99, Pro102, Leu129, Val131, and Glu133. According to the electron density map of wild-type LpPDC, the region comprising residues Tyr20 to Trp24 would be the one exhibiting the highest flexibility, what is consistent with a region of dynamic motion through which the substrate enters to the binding site.
The interior of the cavity is mainly determined by hydrophobic side chains contributed by the bstrands of the b-barrel (excluding strand b5), which are aromatic (Tyr18, Tyr20, Trp24, Tyr26, Trp28,
Aromatic side chains are mainly clustered in one of the walls of the cavity and the aliphatic residues are mostly located in the opposite wall. Conversely, internal polar residues (Arg48, Glu71, Thr73, Thr75, Thr105) are also observed (Fig. 4c ). They occupy a portion of the cavity that can be defined as polar because of the presence of an extensive network of polar interactions (Fig. 5 ). The carboxyl group of Glu71 makes a salt bridge with Arg48 (2.9 Å), and is at hydrogen bond distance to the hydroxyl group of Tyr38 (2.6 Å) and to the indole nitrogen of Trp69 (2.8 Å). In turn, the guanidinium moiety of the Arg48 side chain also participates in other polar interactions: the Ne atom forms a hydrogen bond with the hydroxyl group of Tyr38 (2.9 Å), and the NH1 and NH2 atoms are at hydrogen bond distances to the carbonyl oxygen atom of Thr105 (2.9 Å), and to the Oe1 atom of the Gln109 side chain (2.7 Å), respectively. Likewise, the hydroxyl group of Thr105 makes hydrogen bonds with the carbonyl oxygen atom of Pro102 (2.8 Å) and with an ordered water molecule (2.9 Å). Finally, another solvent molecule is at hydrogen bond distance to the hydroxyl groups of Thr73 and Thr75 (2.7 Å). Obviously, the formation contributes to the stabilization of these residues in such an environment. In this sense, it is worth to mention that the specific stabilizing role of solvent molecules within the cavity cannot be reliably deduced from the crystal structure since the inspection of the 2F o -F c electron density map of wild-type
LpPDC indicates the presence of one molecule, whose precise identity remains undetermined. Here, it is observed a large and discontinuous stretch of poorly defined electron density which starts at the side chain hydroxyl group of Tyr20, located close to the entrance of the cavity, and penetrates deeply into this structure ( Fig. 1 in Suplemental data). None of the components of the crystallization mother liquor or the optimized cryoprotectant solution properly fits into this electron density. Related to this, the UV-VIS absorbance spectrum of purified LpPDC exhibits a local maximum centred at 355 nm (not shown)
revealing the presence of a non-dialyzable ligand tightly bound to LpPDC. As highly purified LpPDC is fully active against p-coumaric acid in our experimental conditions, it is probable that LpPDC with the bound molecule constitutes a minor fraction of the total crystallized protein.
As shown below, single point mutants of LpPDC affecting the two unique internal charged residues of the enzyme, namely, Arg48 and Glu71, and also the Tyr20, reveal a dramatic (Y20F; R48Q) or complete (E71S) loss of enzymatic activity without perturbing the structure of the protein. These results support the participation of the latter residues in the catalytic mechanism of LpPDC and thus indicate that both the polar portion of the cavity and the entrance region are functionally relevant. In other words, these residues form part of the substrate-binding pocket which would be located within the internal cavity of the b-barrel.
Mutational analysis of residues in the internal cavity and entrance loop
Currently the structural basis of the catalytic mechanism for members of the PAD family is poorly understood, and therefore our mutational analysis was initially based solely on the high resolution crystal structure of wild type LpPDC. In particular, we focused our attention on prominent features of the cavity, namely, the unique internal charged residues and also the putative flexible region at the entrance.
Thus, our selected target residues were: Tyr20, Arg48 and Glu71. In particular, we prepared the following and R48Q, 4% for Y20I and no activity for Y20V and E71S. Hence, it is evident that substitution of either Tyr20, Arg48 or Glu71 determines a dramatic or complete loss of decarboxylase activity which strongly supports the involvement of these residues in the catalytic mechanism of LpPDC.
To gain further insights into the structural basis of the decarboxylation mechanism of LpPDC we analyzed the structural consequences of the mutations. Markedly, the structures of the R48Q and E71S mutants revealed that the entrance region, particularly the b1-b2 and b3-b4 loops, adopt a distinct conformation which decreases the opening of the cavity dramatically (Fig. 6 ). In fact, this conformation indicates that the internal cavity of the enzyme is not readily accessible to any ligand, and therefore it can be operatively defined as "closed" (Fig. 6a) involves movements of the b1-b2 and b3-b4 loops but also the entire molecule: the closure of the entrance is accompanied by a subtle but global rearrangement of the polypeptide backbone which can be interpreted as a contraction of the b-barrel, indicating some degree of plasticity of the LpPDC architecture.
There are three important aspects of this conformational change that we have observed in the crystalline state. First, the entrance regions of the mutant subunits are perfectly defined in the electron density maps in contrast to the wild-type protein. Secondly, we can assume that the crystal packing interactions do not affect the conformation of the entrance region as they are not engaged in crystal contacts. In fact, the only exception to this is a crystal contact between subunits A within the monoclinic crystal of the E71S mutant which has no significant structural consequences as deduced from the three dimensional comparison with the subunit B where the entrance region does not participate in packing interactions. In both cases, an identical closed state is observed which in turn perfectly superpose with the closed state of the R48Q mutant. Thirdly, the crystallographic closed state of the enzyme is not a sufficient condition for explaining the loss of decarboxylase activity in LpPDC since the R48Q mutant shows some activity. Therefore, the most plausible interpretation of the two conformational states present in our crystals is that they represent snapshots of two stages in the LpPDC catalytic mechanism.
Finally, the flexibility in the entrance loops suggests that the enzyme might undergo a conformational change upon substrate binding. Similarly to the decarboxylation mechanisms proposed for arylmalonate decarboxylase from Bordetella bronchiseptica 48 and a-amino-b-carboxymuconate-esemialdehyde decarboxylase from Pseudomonas aeruginosa, 49 we assume that the entrance region closes upon substrate binding to form a catalytically competent arrangement and also to exclude water molecules from the substrate-binding pocket (see below). 49 Therefore, we used the closed structure of the R48Q mutant (mutated back to the wild-type sequence) as the starting point for modeling studies.
With this aim, initial in silico complexes were built based on the above assumptions and subsequently used as input for the docking studies. The binding mode suggested by the lowest energy model suggests key contacts with putative active-site residues. We observe that the p-hydroxyl group of the substrate, which is a strictly required structural determinant for decarboxylation, 21, 50 penetrates deeply into the cavity, reaching the polar portion (Fig. 7) . Here, this group interacts with the functionally relevant residues Arg48 and Glu71; in particular, is at hydrogen bond distance to the NH1 (3.4 Å) and NH2 (2.9 Å) atoms of Arg48 and to the Oe1 (3.3 Å) atom of Glu71. On the other hand, the carboxyl moiety of the substrate can potentially form hydrogen bonds with the Tyr18 (3.2 Å) and Tyr20 (3.5 Å) side chain hydroxyl groups what may support the participation of the b1-b2 loop of LpPDC in the productive binding of the substrate, and therefore it is probable that the dynamic motion of this region would be necessary for catalysis. In addition, we also observe major hydrophobic contacts between the non-polar 
Proposed catalytic mechanism
Currently, the only available information on the chemistry employed by members of the PAD family proceeds from a previous work by Hashidoko and Tahara carried out on PAD from Klebsiella oxytoca 51 (KoPAD). Here, the authors proposed a chemical mechanism by KoPAD based upon the analysis of the stereochemical specificity of the proton transfer involved in the decarboxylation of pcoumaric acid. 51 On the other hand, in considering the potential mechanisms for members of the PAD We have considered two assumptions in the proposed catalytic mechanism. First, the substrate binds the internal cavity of LpPDC with the carboxyl group in an unprotonated state, which agrees with the pH-dependence of the LpPDC decarboxylase activity, 21 and the recently estimated pK a value of the carboxyl group of p-coumaric acid in aqueous solution 52 (~4.3). Secondly, the side chain carboxylic group of Glu71 is also unprotonated. Consequently, the negative charge on the Glu71 carboxylate group would be stabilized by the positively charged guanidinium moiety of the internal residue Arg48.
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